After the description of Chlorella vulgaris by Beijerinck, 120 years ago, members of the genus Chlorella belong to the best studied green algae worldwide. However, numerous open questions remained regarding their systematics. Recent molecular studies showed the polyphyly of the genus within the Chlorophyceae and Trebouxiophyceae. Chlorella-species were traditionally characterized by spherical to oval cell shape, solitary lifeform and the absence of mucilaginous envelopes. The challenge in the past was how to distinguish species due to their high phylogenetic diversity combined with a limited amount of morphological characters. Using a polyphasic approach of SSU-and ITS rDNA phylogeny, secondary structure of the ITS and light microscopic observations, we were able to detect six lineages with Dictyosphaerium-like strains in close relationship to C. vulgaris, here described or combined newly as C. coloniales sp. nov., C. pituita sp. nov., C. pulchelloides sp. nov., C. singularis sp. nov., C. elongata comb. nov. and C. chlorelloides comb. nov. Furthermore, three new species without mucilage were described as C. lewinii sp. nov., C. rotunda sp. nov. and C. volutis sp. nov. Using the 5.8S rRNA and part of the ITS-2 as molecular signature (barcode), we were able to distinguish not only the five already known species of Chlorella, C. vulgaris, C. sorokiniana, C. heliozoae, C. lobophora and C. variabilis but the seven new species and two new combinations as well. CBCs and hemi-CBCs within the secondary structure of the ITS-2 confirmed the separation of the species. Our study led to a new understanding of the evolution of morphology within the genus Chlorella and to an emendation of the generic description.
Introduction
Chlorella Beijerinck is one of the most famous microalgal genera worldwide. Although members of the genus suffer from a scarcity of morphological characters, more than 100 Chlorella species have been named since the description of the type species Chlorella vulgaris Beijerinck in 1890. These taxa have been described from freshwater, marine, and edaphic habitats or as endosymbionts (komárek & Fott 1983; huss et al. 1989; nishihara et al. 1998; hoshina et al. 2005; summerer et al. 2008; Škaloud 2009; khayBullina et al. 2010; Pröschold et al. 2011 ). Over time, numerous studies aimed at revising the systematics of this genus have been carried out. These studies have mainly focused on their nutritional requirements (shriFt & sProul 1963; shihira & krauss 1965) , morphological and structural features (Fott & nováková 1969; andreyeva 1975; nozaki et al. 1995) , serological cross-reactions (sanders et al. 1971) , ultrastructural and chemical composition of the cell wall (atkinson et al. 1972; kaPaun & reisser 1995; Nĕmcová & kalina 2000) , pyrenoid ultrastructures (ikeda & takeda 1995; Nĕmcová & kalina 2000) , biochemical and physiological characters (kessler 1976, 1982; 1984, kessler & huss 1992) and molecular phylogenetic characteristics (huss et al. 1989 huss & sogin 1990; krienitz et al. 2004; darienko et al. 2010 ). All these studies have shown that the genus is a heterogeneous assemblage of species and that there is an urgent need for a revision of the genus. On the basis of biochemical and molecular data, the genus presently consists of only of five "true" Chlorella species: Chlorella vulgaris, C. lobophora andreyeva, C. sorokiniana shihira et krauss, C. heliozoae Pröschold et darienko and C. variabilis shihira et krauss (huss et al. 1999; krienitz et al. 2004; Pröschold et al. 2011) .
The separation of the genera and species of Chlorophyta has traditionally been based on morphological and cytological characters (Pröschold & leliaert 2007) . However, the hypothesis that similar morphology leads to a close phylogenetic relationship has often been proven to be inaccurate and misleading. Recent phylogenetic studies have demonstrated that the typical Chlorella morphology is shared with other lineages of the Trebouxiophyceae and Chlorophyceae (huss et al. 1999; darienko et al. 2010) . For example, darienko et al. (2010) have shown in their study three ellipsoid Chlorella-like species that form a monophyletic lineage within the Trebouxiophyceae. The species previously known as Chlorella saccharophila (krüger) migula, C. ellipsoidea gerneck, and C. angusto-ellipsoidea N. hanagata et M. chihara have on the basis of their phylogenetic characteristics been placed in the genus Chloroidium Nadson.
Members of the genus Chlorella belong traditionally to the Chlorellaceae, which have been recently divided in two different clades, the Parachlorella-clade and the Chlorellaclade (krienitz et al. 2004; luo et al. 2010) . Investigations focusing on the Dictyosphaeriummorphotype (colonial, with connecting strands between the cells and gelatinous envelope) showed an affiliation of this morphotype to the Chlorellaceae (krienitz et al. 2010) . Recent studies showed that Dictyosphaerium-like strains cluster independently in the Parachlorella-clade and in the Chlorella-clade of the Chlorellaceae, some taxa among members of the genus Chlorella krienitz et al. 2010; luo et al. 2010) .
The current challenge in the study of this genus is how to distinguish individual species in the light of the extremely high phylogenetic diversity of the Chorella like species combined with the limited number of morphological characters and small dimensions of vegetative cells that hampers suitable identification and discrimination of individual taxa (ettl & gärtner 1995; neustuPa et al. 2009 ).
The barcode initiative attempts to resolve the problem of species delimitation by defining a short and highly variable DNA region as barcode for the species (hajiBaBaei et al. 2007 ). For the green algae, discussions are still going on which part of the DNA is suitable for barcoding. Studies on diatoms have shown that the cox1 region is short, variable and a useful marker for phylogenetic analyses in combination with other genes (evans et al. 2007; evans & mann 2009 ). However, moniz & kaczmarska (2009) suggested a different barcode for diatoms based on a segment starting with the 5.8S start codon and ending in the conserved motif of the Helix III of the ITS-2. The ITS-2 is a comparably fast evolving sequence, which has been widely used for phylogenetic analyses at the generic and species levels (álvarez & Wendel 2003; miao et al. 2008) . In addition to the primary sequence, the secondary structure of the ITS-2 based on complementary base changes (CBC) has often been taken into account when distinguishing between closely related species (müller et al. 2007) . Studies have shown that one CBC in a conserved region of the Helix II or III of the ITS-2 is in most cases associated to an inability for sexual reproduction (coleman 2007, 2009; müller et al. 2007) .
In this paper we investigated the phylogeny and morphology of 20 different strains from the genus Chlorella and described seven new species and three new combinations. In addition, we applied the Barcoding concept after Moniz & kaczmarska (2009) to 49 sequences of the genus Chlorella and compared the results with CBCs in the secondary structure of the ITS-2 and the traditional species delineation.
Materials and methods
Algal cultures and morphology. Strains were obtained either from the Culture Collection of Algae and Protozoa (CCAP, UK), Culture Collection of Algae at the University of Göttingen (SAG, Germany), the Culture Collection of Algae at the University of Texas (UTEX, USA), Coimbra Collection of Algae (ACOI, Portugal) or isolates from field material and deposited at CCAP ( DNA isolation, PCR and sequencing. Algal cells were mechanically disrupted in the presence of glass beads (~ 0.5 mm in diameter, Carl Roth GmbH + Co. KG, Karlsruhe, Germany) using the Tissuelyser II (Qiagen). Total Genomic DNA was isolated using the DNeasy Plant Mini Kit (Qiagen GmbH, Hilden, Germany) following the instructions given by the manufacturer. Genomic DNA will be stored at the BGBM DNA Network (gemeinholzer et al. 2008) . The SSU and ITS rRNA gene were amplified and sequenced as previously reported (Bock et al. in press) . The overlapping partial sequences of each strain were assembled to a complete consensus sequencing consisting of SSU, ITS-1, 5.8S, ITS-2 using the software SeqAssem (hePPerle 2004). Table 1 . A data set of 39 strains with 2488 aligned bases positions was used for the phylogenetic analyses, introns were excluded. Phylogenetic inference was based on Maximum Likelihood (ML), Maximum Parsimony (MP), distance (Neighbor Joining; NJ) and Bayesian Inference (MB). MP and NJ were calculated using PAUP* (version 4.0b10; sWoFFord 2002). The ML analyses were perfomed with Treefinder (joBB 2008) with four partitions. Models and parameters proposed by Treefinder under AICc criteria were as follows: SSU (1701 bases; model J1), ITS-1 (343 bases; model J1), 5.8S (137 bases; model HKY) and ITS-2 (304 bases; model J2). To confine the tree topology, bootstrap analyses were calculated by distance (NJ; 1000 replicates), parsimony (MP; 1000 replicates) and ML (1000 replicates) criteria. For the MB analyses, the dataset was partitioned as described above with the GTR+I+G settings, gamma shape parameters and proportion of invariable sits for all partitions using MrBayes version 3.1 (huelsenBeck & ronquist 2001). The parameters were unlinked and allowed to vary across the partitions. The stationary distribution was verified (average standart deviations of split frequencies lower than 0.01) before stop of the analyses. The first 25% of the trees were discarded as burn-in.
A 50% majority-rule consensus tree was calculated for posterior probabilities using PAUP *.
Barcode and secondary structure analyses. A dataset of 49 sequences of Chlorella-strains was used for analyzing the Barcode region ( Table 2 ). The Barcoding region stretches from the start codon of the 5.8S rDNA up to the conserved motif on Helix III (consisting of UGGU) near the tip of the helix and close to the end of the ITS-2 (krienitz et al. 2004; coleman 2007) . Sequences were aligned manually according to their secondary structure using SequentiX Alignment Editor (hePPerle 2004). Completed alignments were imported into PAUP*(4.0b10; sWoFFord 2002) for estimating divergence rates by using simple uncorrected pairwise (p) distance matrices. Genetic distances between sequences were given as substitutions (differences) per site (litaker et al. 2007 ).
To locate hemi-compensatory base changes (hemi-CBCs) and CBCs, the ITS-2 secondary structure was constructed with the help of mfold (zuker 2003) and 4SALE (seiBel et al. 2006 .
Results

Taxonomic revision
The taxonomic revisions (see below) were based on the results such as morphology, the phylogenetic tree, secondary structure of the ITS-2 and the barcoding criteria. The new species and new combinations showed base changes at the barcoding-region mentioned below. Stud. 20, p. no. 252, 1978. Holotype: Fig. 8-9 
Chlorella Beijerinck 1890
Morphological observations by light microscope
Within the newly analysed strains, seven species were observed with a surrounding mucilaginous envelope. The colonial life-form was often lost in culture, disintegrating into single cells. However, even in culture the strains kept their gelatinous indusium. C. pituita occurred in colonies with 16 cells and more. The adult cells were spherical to slightly oval, 6.5-8.6 µm. The young cells showed a oval cell shape, 6-8 × 4-5 µm. The release of the autospores happened after the rupture of the mother cell wall horizontally or slightly tilted. The young cells were attached to the gelatinous stalks at their narrow end, but shifted to the upper end of their broader side (Figs 8-9) . A similar morphology was observed by C. pulchelloides. However, the cells were smaller, 4.5-6.5 µm, in comparison to C. pituita and the oval young cells were attached at the broader side to the gelantinous stalks (Figs 10-11) . Both species showed a high resemblance to Dictyosphaerium pulchellum. A clear morphological criterion to distinguish them is the attachment of the young cells to the stalks, which occurred in case of D. pulchellum at the tips of the cells. Strain CCAP 211/116 showed the typical features of D. chlorelloides with four-celled colonies (Fig. 12) . The cells easily separated from each other. The adult cells were spherical, young cells oval to semilunate. The cell size of the adult cells were larger than previously reported; 6.5-8 µm in our culture vs. 3.8-6 (7.5) µm according to komárek & Perman (1978) . The autospores slanted after the rupture of the mother cell wall in 180°.
The cells of C. coloniales were oval to sometimes elongated, 5.5-7.3 × 4-6 µm. They occurred in colonies with 16 to 32 cells. The young cells were oval to ovoid, 3-4.5 × 2.5-3.5 um. The cells were attached to the stalks at their narrow end (Figs 13-14) . This species showed a resemblance with strain CCAP 222/18 (Fig. 15) . This strain showed oval or elongated adult cells of 6-9 × 2-4 µm length. The cells were attached to the stalks at their broader side. This strain could be identified as Dicytyosphaerium elongatum, and is here new combined to Chlorella elongata comb. nov. It can be distinuished from C. coloniales by the different cell form and the cell size. Chlorella singularis showed spherical to sligtly oval cells with 6.7-9 µm (Fig. 16) . The mother cell wall ruptured in four flaps. This species was mainly observed single celled, only young cells occurred rarely as 4-celled colonies. The species showed similarities to Parachlorella beijerinckii, but differed by more spherical cells, the four-celled colonies and the phylogenetic position within the tree of our analyses (see below). Three new species without mucilage and without colony life-form could be observed in this study. Chlorella lewinii is an edaphic species that lacked a mucilage coat, did not form colonies and possessed spherical to slightly oval cells of 4-6 µm (Fig. 18) . Young cells were more oval, 3-5 × 2-5 µm. C. rotunda could be distinguished from C. lewinii by its much smaller cell size (3-4.5 µm) and the more spherical cells (Fig. 17) . Another single celled taxon without a mucilage envelope was Chlorella volutis. This species showed spherical cells of 5-6.3 µm with spherical to slightly oval young cells (Fig. 19) . The morphological characteristics of the new described species are summarized in Table 3 .
Phylogenetic analyses
The genus Chlorella is highly supported in Bayesian inference (MB), but only moderate to weak supported in Maximum Likelihood (ML), Neighbour Joining (NJ) and Maximum Parsimony (MP) analyses (Fig. 1) . The tree revealed 14 distinct lineages within the genus, nevertheless the branching order of the lineages in most cases remained unresolved. Five of the lineages belonged to the already known Chlorella species: C. vulgaris, C. lobophora, C. sorokiniana, C. heliozoae and C. variabilis. The species with colonial life-form and surrounding mucilage envelope evolved at five different positions within the genus Chlorella. Chlorella pituita sp. nov. clustered as sister to C. vulgaris with high statistical support in all analyses. The three strains of C. pulchelloides sp. nov. clustered next to C. chlorelloides comb. nov. with high to moderate support. Next to this lineage evolved C. coloniales sp. nov. and C. singularis (single celled with surrounding mucilage) with no support in any analyses. The relationship of C. elongata comb. nov. to the others is also not supported in the analyses. Next to this species evolved the single celled C. volutis (without mucilage). C. lewinii evolved as sister to C. sorokiniana, and C. rotunda as sister to C. heliozoae with high support in the analyses.
Barcoding and secondary structure analyses
We investigated the Barcoding region of 49 Chlorella-sequences (published and new sequences; see Table 2 ) according to moniz & kacmarska (2009). Interspecific uncorrected genetic distances (p) between strains belonging to the same species ranged from p = 0 to p = 0.0098 diff./site (Table 4) . Distances among the five species previously thought to be the only species in the genus Chlorella: C. vulgaris, C. sorokiniana, C. lobophora, C. variabilis, C. heliozoae, ranged from p = 0.0777 to p = 0.1542 diff./site. All the 14 species described in this study together showed To confirm the effectiveness of the barcoding region, we calculated the secondary structure of the ITS-2 from these strains and compared all 14 species with each other. We found that the species of the genus Chlorella differ in 1-9 CBCs in the Helices I-III and 0-6 hemi-CBCs respectively. An assumed threshold of p ≥ 0.04 for species delineation in Chlorella corresponded well with the CBCs and hemi-CBCs of the helixes I-III of the ITS-2 (see Table 4 ). A low p value was correlated with a low CBC/hemi-CBC content.
Discussion
The focus of this study was to revise the species concept of Chlorella. We provided an emendation of the genus including taxa which form mucilaginous envelopes and colonies. (krienitz et al. 2004 müller et al. 2007; WolF et al. 2007; ruhl et al. 2009 ). As our study showed, the 5.8S and ITS-2 region works well for Chlorella as a tool for species delineation. The separation according the barcode region correlates with the CBCs and hemi-CBCs in the region. The species delineation in Chlorella has always been a problem because the morphological characters separating individual species are scarce and not easy to observe. In applying the barcoding regions, we were able to separate the already known "true" Chlorella species: C. vulgaris, C. lobophora, C. variabilis, C. heliozoae and C. sorokiniana without problems. In addition, two formerly Dictyosphaerium species, D. chlorelloides and D. elongatum showed a close phylogenetic relationship to Chlorella and were therefore transferred to the genus Chlorella (see above). Although the original species description of D. chlorelloides mentions a cell size of 3.8-6 (-7.5) µm, which is slightly smaller than strain CCAP 211/116 cells (6.2-8.4 µm), all other characters matched to the latter. Given that there was no authentic strain available for this species, and that cell size is often dependent on culture conditions and life cycle, we decided to transfer the species Dictyosphaerium chlorelloides to Chlorella. In addition to this, we described three new species with colonial life-form and gelatinous envelope. Chlorella pituita, C. pulchelloides and C. colonialis showed the typical morphology of the genus Dictyosphaerium, but had no similarities to the already known species. The type strain of C. pituita was labelled as D. tetrachotomum in the ACOI collection. Although the description of this species mentions oval cells, the strains showed spherical cells. The strain ACOI 856, which revealed the same sequence as the type strain exhibited as single celled morphology with a gelatinous indusium. A similar problem arose with the strain UTEX 938. The strain was initially labelled as D. planctonicum tiFF. et ahlstr., this was later transferred to Lobocystis R.H. thomPson and was characterized by two autospores and broad gelatinous stalks (komárek & Fott 1983) . These characters did not match the morphology of UTEX 938, and we erected the new species C. coloniales. The strain SAG 222-2a was often referred as D. pulchellum. Our observations showed considerable differences in the morphology of the young cells. Strains with the D. pulchellum morphology cluster next to D. ehrenbergianum within the Parachlorella-clade (Bock et al. in press) . Therefore, the new lineage with the strains SAG 222-2a, CCAP 211/117 and CCAP 211/118 formed a new species, C. pulchelloides even if they bear a high similarity with D. pulchellum.
The independent evolution of Dictyosphaerium morphotype in different clades of the Chlorellaceae has been discussed by Bock et al. (2010) and krienitz et al. (2010) . Our analyses confirmed the independent evolution of Dictyosphaerium in different clades of the Chlorellaceae and revealed a major change in the understanding of typical Chlorella species. Instead of the more or less uniform "green balls", several members with different morphologies now occur in Chlorella s. str. The type species Chlorella vulgaris was considered as the typical Chlorella: small, green and more or less spherical. Our analyses showed that the generic circumscription was way too narrow and is now emended (see above). The question that is raised by these findings is the extent to which morphology is influenced by the environment.
The investment of phytoplankton in mucilage is a striking feature in nature. The presence or absence of mucilage is in most cases taxon specific, but the thickness is variable and often influenced by environmental factors (reynolds 2007). Biological investigations on the role of the mucilage coat suggest that there is no single, unambiguous function of mucilage. Often discussed is the role played by the mucilage indusium and the colony size of algae in grazing protection and the factors that influence its size and thickness. A common assumption is that large phytoplankton cannot be grazed due to size mismatch. Several studies on the colonial and gelatinous algae Phaeocystis (Prymnesiophyceae) revealed an increase in colony-size as a result of chemicals released from grazer or associated microbes (jakoBson & tang 2002; tang et al. 2008) . Another example is the well-studied chlorophyte genus Scenedesmus Meyen. Biotests with Scenedesmus in culture revealed an increase in the colony-size due to "Daphnia-factors" (hessen & van donk 1993; lamPert et al. 1994; lürling 1998; von elert & Frank 1999; Wiltshire & lamPert 1999) as well as " Brachionus-factors" (verschoor et al. 2004) . Another example of an environmentally induced morphological change is the bristle formation by Micractinium, a close relative of Chlorella, which has been linked to the "Brachionus-factors" (luo et al. 2006) . Nevertheless, factors responsible for the appearance of the Dictyosphaeriummorphotype are yet to be resolved. As to whether or not the mucilage production is a response to environmental factors remains to be confirmed.
